Abstract The glucose-excited neurons in brain can sense blood glucose levels and reflect different firing states, which are mainly associated with regulation of blood glucose and energy demand in the brain. In this paper, a new model of glucoseexcited neuron in hypothalamus is proposed. The firing properties and energy consumption of this type of neuron under conditions of different glucose levels are simulated and analyzed. The results show that the firing rate and firing duration of the neuron both increase with increasing extracellular glucose levels, but the maximum energy power for an AP is reduced. Further study suggests that the neuron firstly absorbs energy substrates (e.g. glucose) from the blood to prepare for the high energy demand of high-frequency spikes.
Introduction
Energy coding is a novel theory for research on neurodynamics (Attwell and Laughlin 2001; Sokoloff 2008; Wang and Zhang 2007 , 2008 , 2015 Wang and Zhu 2016; Wang et al. , 2009 Wang et al. , 2015a Tozzi 2015 ). Brain energy is crucial for maintaining normal neural activities. And it's been proven that the neural activities and operations in the brain are subordinated to the principle of depleting minimized energy while maximizing the efficiency of signal transmission (Wang et al. 2015b; Wang and Zhu 2016; Tozzi 2015; Zheng and Wang 2012) . Up until now, research on energy consumption in the nervous system has been limited to experiments due to the brain complexity (Wang and Zhu 2016) . So, this paper aims to take advantage of modeling to explore the importance of brain energy source (e.g. blood glucose).
It's known that the brain plays an important role in governing blood glucose levels by managing some kinds of glucose-excited neurons Mergenthaler et al. 2013; Claret et al. 2007; Ibrahim et al. 2003; Parton et al. 2007; Sandoval et al. 2008; Kong et al. 2010) . The mechanism responsible for glucose-mediated excitation of neurons is similar to that of pancreatic b-cells (Burdakov et al. 2005; Routh 2002; Tong and Guangzhong 2014; Steinbusch et al. 2015; Meng et al. 2013 . Generally, the firing pattern of these glucose-excited neurons is influenced by the surrounding glucose level, which in turn can be regulated by neural activation.
In this paper, a glucose-excited neuron model is proposed, which was referenced from the FP model (Fridlyand et al. 2010) , with some modifications based on the experimental data (Parton et al. 2007; Kong et al. 2010; Cha et al. 2011a, b; Tagluk and Tekin 2014) . The firing properties and energy consumption of this neuron was obtained, and the related mechanisms were analyzed.
Model and methods

Glucose-excited neuron model
The glucose-excited neuron model was expanded from the Hodgkin-Huxley type of membrane models by adding more comprehensive membrane mechanisms (e.g. ionic pumps, and the Ca (Sokoloff 2008) ? dynamics of the endoplasmic reticulum). Figure 1 shows the schematic diagram of a glucoseexcited neuron. This model includes the cell membrane, mitochondria and endoplasmic reticulum (ER). Ions flow through the ionic channels across the membrane or via ionic transporters in the plasma membrane. Mitochondria act as cellular energy sources. As the intracellular calcium storehouse, the ER is responsible for calcium balance, and interacts with cellular organelles (e.g. mitochondria) to regulate nerve cell activities (Rueda et al. 2014; Patergnani et al. 2011) .
Mathematical description
The equivalent circuit of the plasma membrane for the glucose-excited neuron model is shown in Fig. 2 .
The change in plasma membrane potential varies with time (t) and is described as:
where, Fig. 2 The equivalent circuit of the plasma membrane (Cha et al. 2011) . Key: V m , membrane potential; C m , membrane capacitance (C m = 1pF below); E X , equilibrium potential of ion X; I Y , current through transporter Y; I m , the sum of membrane currents
The changes in concentrations of Na ? and K ? , respectively, are defined as follows:
where V i is the cell volume accessible for ion diffusion, I Na /I K is the sum of current components carried by ion Na/ K.
I Na ¼ I Na Na þ I Ks Na þ I to Na þ I CaL Na þ I lðCaÞ Na þ I NKb Na þ 3I NaK þ 3I NaCa ð5Þ
The conductance of ion channels is:
Where E Na /E k means the equilibrium potential for ion Na/ K. We assumed that glucose metabolism is completely anaerobic in this neuron. One molecule of glucose is converted to two molecules of pyruvate and these glycolytic products are oxidized by tricarboxylic acid cycle, along with the production of 32 molecules of ATP, which are assumed to be completely used by the neuron.
For more details of this model, you can reference to Supplementary Material.
Results
Under the condition of constant glucose level over a period of time
The change of ½Glucose is divided into four periods and remains constant in each period. As shown in Fig. 3a , 0-50 s, ½Glucose is 6 mM/cm 3 ; 50-100 s, ½Glucose is 8 mM/cm 3 ; 100-150 s, ½Glucose is 12 mM/cm 3 ; and 150-200 s, ½Glucose is 6 mM/cm 3 . Thus, the change in cerebral blood flow (CBF) during the entire duration of neuronal activation is approximately simulated. Figure 3b -d, respectively, show the changes in membrane potential, and the intracellular ATP and Na
? concentrations. Figure 3b shows the firing property changes with glucose level. Within the first 50 s, the glucose level is low, the neuron has insufficient energy supply and can hardly produce an action potential (AP), which causes small changes in both ATP cost and [Na] i (Fig. 3c, d ). After that, as the glucose level increases to a certain extent, the neuron has the ability to spike. The firing rate and duration of the neuron both increase with increasing glucose levels. In the last 50 s, the glucose level decreases, so the neuron returns to the resting state.
As seen in Fig. 3c, d , during the periods of neuronal activation, the concentration of intracellular ATP decreases, and concentration of intracellular Na ? increases. When the neuron returns to the resting state, the concentrations of both intracellular ATP and Na ? recover to prepare for the next firing.
In addition, with the increase in glucose level, the firing duration of the neuron increases, and the ATP consumption and Na ? influx also increase. Consequently, more time is needed for the neuron to restore its intracellular concentrations of Na ? and ATP after firing APs. Figure 4 shows the changes in membrane potential and energy power during the initial 2 s respectively starting from 50, 100, 110 and 150 s. Figure 4a -c show that during an AP, the energy power is negative when depolarized, and positive when repolarized. This is consistent with our previous results (Wang and Zhang 2007 , 2008 Wang et al. , 2009 Wang et al. , 2015a Zheng et al. 2014) . The negative power indicates that during depolarization, the neuron absorbs oxygen and glucose from the outside environment, then oxidizes glucose and produces ATP in the mitochondria; while the positive power indicates that during repolarization, a large amount of ATP is consumed for the synthesis of intracellular substances, and to restore the ionic concentration gradients across the membrane. Figure 5 shows the changes in membrane potential and power consumption during the initial 0.3 s respectively from 50 and 110 s, and the corresponding glucose concentration is 8 mM/cm 3 ( Fig. 5a ) and 12 mM/cm 3 ( Fig. 5b ). It's concluded that, if the glucose level is higher, the firing rate of the neuron will be higher, but the maximum energy power for an AP will be lower. This result demonstrates that the energy consumption for per AP decreases while glucose supply increases.
The changes for ionic current and conductance of sodium and potassium are shown in Fig. 6 . Na ? enters the neuron to produce APs and needs to be pumped out again by the Na ? /K ? -ATPase, consuming ATP. Na/K ion pump is believed to major energy consumer on the membrane, so the Na ? influx largely determines the ATP cost or the energy consumption of the neuron. Comparison between Fig. 6a , b shows that if the glucose level is higher, the maximum current and conductance of sodium will be relatively lower. Less Na ? influx implies that less energy is demanded to restore the sodium concentration gradient for the neuron, leading to lower energy consumption for one AP, which is in good agreement with our previous result.
Under the condition of variable glucose level during neuronal activation
Research results (Fox et al. 1988) have shown that more than 90 % of all the resting-state glucose is oxidative, with 5 % (or less) being metabolized to lactate. So under normal conditions, the ATP productions are thought to be provided almost exclusively by glucose oxidation. Energy demands increases in neural activities, so local cerebral glucose metabolism rate and cerebral blood flow are greatly increased by focal increases in neural activity. Here, we simulated a simplified condition of glucose concentration varying with neuronal activation. And we assumed that the ATPs are totally produced by glucose oxidation, and the ratio of the change of glucose concentration and the change of ATP concentration is 1:38.
As seen in Fig. 7 , the changes of membrane potential and extracellular glucose concentration are given, and the initial value of glucose concentration, ½Glucose 0 ð Þ, is set as constant (red dotted line)in each case.
Notably, while the firing rate of the neuron is relatively high (Fig. 7c-f) , within a short period of time from the initiation, the concentration of extracellular glucose increases to a value larger than the initial value. It is considered as a simulation of local functional hyperemia evoked by neuronal activities because recent experiments (Sokoloff 2008; Moore and Cao 2008) have demonstrated that neuronal activation requires large amounts of energy supply. And to meet this demand, more blood with glucose will flow into the activated area. To make a quantitative analysis on the glucose utilization rate during neuronal activation, we introduced a coefficient, OMRglu, which means the oxidative metabolism ratio of glucose relative to the initial level. It's described as:
OMRglu ¼ D½Glucose Oxidized ½Glucoseð0Þ Â 100%;
Given a initial concentration of glucose, OMRglu changes during neuronal activities. As demonstrated in Fig. 8 , there is always a little change of OMRglu during the pre phase of neuronal activation. Under normal condition (Fig. 8a) , the extracellular glucose supply is enough to maintain the neuronal firing activities, so OMRglu just increases slightly before neuronal activation. However in other cases ( Fig. 8b-e) , OMRglu drops shortly into negative values from the initiation, which means that the neuron doesn't cost energy but absorb energy before firing activities. It's thought to be ascribed to the local functional hyperemia. It's also calculated that the total amount of oxidized glucose(the difference of OMRglu between peak and valley) decreases while the initial glucose concentration increases or firing rate increases, which is consistent with our earlier findings (Figs. 5 and 6 ). Then we derived the negative correlation between %DOMRglu and initial glucose concentration, as shown in Fig. 9 .
In our studies, the initial glucose concentration represents the extracellular blood glucose level, %DOMRglu represents the aerobic metabolism rate of glucose. It shows us that the aerobic metabolism rate of glucose decreases with the increase of extracellular blood glucose level.
Discussion
The firing properties of glucose-excited neuron are well simulated by using our model. The major results were that (1) the firing rate and firing duration of the neuron both increase with increasing extracellular glucose levels, (2) the maximum current and conductance of sodium will be relatively smaller and narrower with the higher glucose level, leading to a lower energy demand for per AP, and (3) neuron firstly absorbs energy substrates (blood glucose) to prepare for the high energy demand of high-frequency spikes. The results presented here are consistent with the principle of energy minimization and energy efficiency.
Besides, the negative correlation between %DOMRglu and initial glucose concentration (Fig. 9) reminds us of the anaerobic metabolism of glucose during neural activities. In this paper, we only considered the condition of glucose oxidation, and it's calculated that almost 92 % of the glucose is oxidized during the neuronal activities. Due to the results that less glucose oxidized while neuron fires more frequently, it's thought that the astrocyte-neuron lactate shuttle (ANLS) hypothesis (Fox et al. 1988; Lin et al. 2010; Figley and Stroman 2011) is playing a role. It implies that during neuron activities, most of the glucose is uptaken by astrocyte and metabolized to lactate through the anaerobic pathway, then the production of lactate is eventually transported to neuron as fuel, but with some loss into the circulation, which increases hyperemia. So it's believed that the decrease of %DOMRglu means less glucose is oxidized by neuron. In our future works, the mechanism of ANLS is expected to be added to our model, as well as the hemodynamics of CBF if possible.
